Abstract-Enzyme distribution in rat liver lobes was investigated using liver homogenate as the enzyme source. When the content or the activity was expressed on the basis of unit (gram) wet weight of liver tissue, the protein concentration was almost the same throughout the liver, but several enzymes were distributed heterogeneously within the liver. Cytochrome P-450 monooxygenase activity was higher in the median and right lobes of livers, while the left lobe contained a higher concentration of mitochondrial enzymes. Phenobarbital induced cytochrome P-450 monooxygenase, and the activity was still higher in the median and right lobes even after the pretreatment of rats with phenobarbital. On the other hand, administration of 8-naphthoflavone resulted in a uniform increase of cytochrome P-450 (P-448) content throughout the liver to almost the same concentration. Increase of cytochrome P-448-dependent O-dealkylation activity of 7 alkoxycoumarin by the administration of 8-naphthoflavone was much greater in the left lobe compared to that in the median and the right lobes. Heterogeneous distribution of the enzymes in various liver lobes was also determined employing liver samples obtained from various physiological states of rats (fasting, glucose refeeding after fasting and hyperthyroidism), although the cytochrome P-450 content and drug-metabolizing activity were altered markedly depending upon the physiological states of the rats.
The mammalian liver consists primarily of hepatocytes (parenchymal cells), and the cells are known to occupy about 70% of the total liver volume with nonparenchymal cells accounting for about 6%, by volume, of the liver (1). Thus, liver is commonly regarded as a homogeneous organ for most biochemical, pharmacological and toxicological studies. However, evidence indicating that the liver is heterogeneous with regard to a large number of enzymes has been reported by several investigators. In the case of the cytochrome P-450 monooxygenase system, a number of direct and indirect pieces of evidence have shown a greater concentration of the enzymes in the centrilobular region compared to the midzonal and periportal regions (2-9).
Although drugs and environmental toxins are generally converted in the body to their derivatives that are less toxic than the parent substances, chemically inert organic com pounds are occasionally transformed in vivo to toxic compounds (10, 11). Carbon tetra chloride, one of the typical hepatotoxins, is known to be metabolized by microsomal cytochrome P-450 monooxygenase system to toxic products which produce predomin antly centrilobular necrosis (12-14). The results indicate close correlation between intralobular enzyme distribution and patho logical changes in hepatocytes. Furthermore, Lawson and Pound (15) have reported the greater extent of carbon tetrachloride-induced cell damage in the right lobes of livers as compared to that in the left lobes, which suggests a heterogeneous distribution of cytochrome P-450 monooxygenase system in liver lobes. We therefore examined the distribution of cytochrome P-450 mono oxygenase and several other enzymes in different lobes of rat livers.
MATERIALS AND METHODS
Animals and their treatments: Male Wistar strain rats (9-11 weeks old) were used. Unless otherwise stated, rats were kept in an air-conditioned room (25+1 °C, 50-60% humidity) lighted 12 hr a day (8:00-20:00) and maintained on commercial rat chow (CE-1, Japan Clea, Tokyo) and water ad libitum. Some of animals were fasted for 24 hr , and then glucose was administered orally at the dose of 2 ml of 50% (w/v) glucose/100 g body weight as reported previously (16) . Some animals were also given intraperi toneally phenobarbital in physiological saline or (3-naphthoflavone in sesame oil once a day for 3 consecutive days at the dose of either 10, 40 or 100 mg/kg body weight/day. L Thyroxine was administered subcutaneously at the dose of 100 ag/rat, once a day for 11 consecutive days.
Preparation of enzyme samples: The animals were killed by decapitation, and livers were quickly removed and blotted on filter paper. The tissues (400-600 mg wet weight) obtained from various lobes of the liver were homogenized in ice-cold 0.25 M sucrose containing 50 mM Tris-HCI buffer (pH 7.4) using a glass Potter-Elvehjem type homo genizer with a Teflon pestle. The concen tration of the homogenate was adjusted to 100 mg wet weight of liver/ml, and then filtered through two layers of coarse gauze to remove undispersed connective tissues. The resulting filtrate was used for the enzyme assay. Liver microsomes were prepared as described previously (17) .
Determination of cytochromes: Cyto chromes in whole liver homogenate were detected by difference spectrophotometry using a Shimazu UV-300 spectrophotometer. Cytochrome P-450 was detected as described previously (18) with slight modifications. The homogenate was diluted to a concen tration of 5-10 mg wet weight equivalent of liver/ml with 50 mM Tris-HCI buffer (pH 7.4) containing 150 mM KCI and 10 mM MgCl2, and CO was bubbled through the suspension for about 30 sec. The sample was then divided between two cuvettes and a baseline recorded. Next, 0.7 mM (final concentration) cyanide and 0.5 mM (final concentration) succinate-glutamate mixture was added to the reference cuvette to reduce only mito chondrial respiratory chain cytochromes under an aerobic condition, and a small amount of sodium dithionite was added to the sample cuvette to reduce all cytochromes chemically. The spectrum was then observed, and the concentration of cytochrome P-450 was calculated from the spectrum using the molar extinction difference of 104 mM-1 cm'' (18) for the absorption difference between the peak position (at about 450 nm) and 490 nm. Cytochrome a(+a3) in the liver homogenate was detected with the substrate-reduced minus the air-oxidized difference spectrum of the CO-bubbled sample, and its concentra tion was calculated using 4E605--630 nm=16.5 mM-1 cm-1 (19) .
Cytochrome b5 was determined with the NADH-reduced differ ence spectrum according to the method of Kajihara and Hagihara (20) .
Determination of enzyme activity: Activities of aniline hydroxylation, aminopyrine N demethylation and 7-alkoxycoumarin 0 dealkylation reactions were determined as described previously (17, 21, 22) . GOT (aspartate aminotransferase; EC 2.6.1.1) and GPT (alanine aminotransferase; EC 2.6.1.2) activities were determined essentially as described by La Due et al. (23) with slight modification (24) . Acid phosphatase (EC 3.1.3.2) activity was detected as reported previously (25) with slight modification (24) . Protein concentration was measured by the method of Lowry et al. (26) using bovine serum albumin as standard. Glycogen con centration was determined enzymatically as described previously (27) .
Reagents: 7 Hydroxycoumarin 0-methyl, O-ethyl and O-propyl derivatives were syn thesized as described previously (17) . Aniline was distilled under reduced pressure and used as the substrate. Other chemicals of the purest grade available were obtained com mercially and used without further purification.
RESULTS
Enzyme distribution in rat liver lobes: Rat liver was divided into four main lobes: left, median, right and caudate lobes. To check the enzyme distribution in the liver lobes, tissue blocks (about 0.5 g wet weight) were obtained from six different sites of the rat livers: two from the left lobe, three from the median lobe and one from the right lobe as shown in Fig. 1 . The distribution of enzymes was then determined using these homo genates obtained from untreated rats (Table  1) . Although the protein concentration ex pressed on the basis of g wet weight of liver was almost the same throughout the liver, the cytochrome P-450 monooxygenase system and several other enzymes were distributed heterogeneously in the lobes. The cytochrome P-450 content in the tissues from the median and the right lobes showed 20 30% higher values compared to the samples from the left lobe. Cytochrome P-450 dependent drug -metabolizing activity, es pecially 7-alkoxycoumarin O-dealkylase ac tivities, showed similar heterogenerous dis tribution in the liver lobes. However, cyto chrome a(+a3) content and acid phosphatase and aspartate aminotransferase activities in the samples obtained from the left lobe were generally higher than those of the median and right lobes. The distribution pattern of cyto chrome b5 was similar to that of cytochrome P-450, but a smaller difference was observed between the left and the median lobes. Heterogeneous distribution was not observed with alanine aminotransferase.
Glycogen con tent in the samples obtained from untreated rats was also observed to be heterogeneous with the median lobe showing a slightly higher content. When tissue blocks obtained from perfused rat livers were employed for the assay, the heterogeneous enzyme distri bution was also observed. Thus, blood contained in these tissue samples was not expected to interfere with the enzyme assay, and the different enzyme activities or contents observed in various lobes were not the effect of hemoglobin.
Effects of phenobarbital and /3 naphthoflavone-administrations: Adminis tration of phenobarbital or Q-naphthoflavone is known to induce specific forms of the cytochrome P-450's. The hepatic enzyme distribution of animals treated with the typical inducers was thus compared with the that of untreated rats. As shown in Table 2 , administration of phenobarbital resulted in a dose-dependent increase in cytochrome P 450 content and aminopyrine N-demethylase activity throughout the liver. The ratio in the content or the activity of the phenobarbital pretreated rats to that of untreated rats was almost the same in tissue samples obtained from every sampling site, and the hetero geneous distribution of the cytochrome P 450 monooxygenase was still observable in the pretreated rats. The results indicate probably that phenobarbital induces cyto chrome P-450 throughout the liver at the same rate. On the other hand, aspartate aminotransferase activity decreased gradually with an increasing dose of phenobarbital, but higher enzyme activity was still found in the left lobe.
8-Naphthoflavone is a typical inducer to induce cytochrome P-448. Administration of (3-naphthoflavone increased the cytochrome P-450 (P-448) content throughout the liver. Interestingly, the content of the cytochrome in the pretreated animals was almost the same in all tissue samples obtained from the various lobes. Aspartate aminotransferase activity decreased slightly with the pretreat ment of rats with (3-naphthoflavone, and the heterogeneous distribution of the enzyme was also lost. On the other hand, cytochrome P-450-dependent, but not cytochrome P 448-dependent (22) , aminopyrine N-deme thylase was distributed heterogeneously even after pretreatment of rats with 3-naph thoflavone.
Liver microsomes contain multiple forms of cytochrome P-450 (28) (29) (30) .
Previous reports have shown that differences of the cytochrome P-450 species in the microsomal membrane are roughly and readily detectable by employing the O-dealkylation reactions of 7-alkoxycoumarin as the indicator (17, 31) . Then, the O-dealkylase activity in liver samples obtained from untreated and pheno barbital or (3-naphthoflavone-pretreated rats can be determined to clarify the change in the cytochrome P-450 species in various lobes (Table 3) . As described in Table 1 , higher 0 dealkylation activities in untreated rats were observed in the median lobe regardless of the substitution of the alkyl group of 7-alkoxy coumarin. Administration of phenobarbital resulted in remarkable increase of the 0 dealkylation activities with the heterogeneous enzyme distribution. Substrate specificity was almost the same as that of untreated rats. On the other hand, liver samples obtained from l3-naphthoflavone-pretreated rats showed a marked increase of cytochrome P-448 dependent 0-deethylation and 0-depropy lation activities; but the 0-demethylation activity, which is not cytochrome P-448 dependent (17, 31) , showed a slight decrease. Interestingly, the higher activity of the 0 demethylation reaction in the median lobe was obtained even after pretreatment of the rats with (3-naphthoflavone (Table 3 ). The same was found for aminopyrine N demethylase activity (Table 2) . However, the cytochrome P-448-dependent 0-deethylase and O-depropylase activities were induced preferentially in the left lobe compared to the median lobe (Table 3) , although the total cytochrome P-450 (P-448) content was almost the same throughout the livers (Table  2) . Since protein concentration expressed on the basis of g wet weight of liver was almost the same throughout the liver lobes even after the treatment of rats with the inducers (data not shown), differences of several enzyme activities in various liver lobes probably indicate the heterogeneous distribution of the enzymes in liver lobes, but not the swelling of hepatocytes or the alteration of water content in various lobes.
Comparison of microsomal monooxy genase system: To clarify the heterogeneous distribution of enzymes among liver lobes, liver microsomes were prepared from the left, median and right lobes of untreated and phenobarbital-pretreated rats. Cytochrome P 450 and cytochrome b contents were higher in the median (site ~5) and the right Liver microsomes were prepared from untreated and phenobarbital-pretreated rats (40 mg/kg for 3 days). Pooled liver tissues obtained from the same sampling site of 3 animals were used for the preparation of microsomes.
The values in the (site #6) lobes compared to the one in the left lobe (site #1). A similar result was obtained with aminopyrine N-demethylase activity, although the difference in the activity was not statistically significant (Table 4) . The results suggest that the content of the cytochrome P-450 monooxygenase system in endoplasmic reticulum differs among the various lobes of rat livers.
Alteration of enzyme distribution following the physiological change of animals: It is well established that the activity of the hepatic cytochrome P-450 monooxygenase system alters depending upon the physiological states of animals (31-36). As described previously by Kato et al. (32, 33) , fasting of rats for 24 hr markedly increased hepatic drug-metabolizing activity (7-alkoxycoumarin O-dealkylase) as compared to that in un treated rats (Tables 1-3 ). Even after fasting, the heterogeneous distribution of the cyto chrome P-450 monooxygenase system was still observed, and higher activity was detected in the median and the right lobes. On the other hand, higher activity of aspartate amino transferase in the left lobe was still observed even after fasting (Table 5) . A similar pattern in the enzyme distribution was observed in the glucose-refed animals after the 24-hr fasting (Table 5) . Fasting of rats for 24 hr resulted in a marked decrease in the glycogen content throughout the liver, and the most remarkable decrease in the content was observed in the tissue samples obtained from the median or the right lobe. Interestingly, the glycogen content was recovered rapidly following the feeding of glucose, and the recovery was more pronounced in the left lobe (Table 5 ). The results suggest that the enzymes localized in a special lobe(s) of the liver respond to the physiological states of animals.
Administration of thyroxine resulted in marked increase of aspartate aminotransferase throughout the liver with heterogeneous distribution. The activity of the cytochrome P-450 monooxygenase system decreased significantly by the administration of thyroxine, but the heterogeneous enzyme distribution within the liver lobes was still detectable (Table 5) . Decreased enzyme activity of the cytochrome P-450 mono oxygenase system was also obtained following the ligation of the bile-duct, and the heterogeneous enzyme distribution in liver lobes was retained (data not shown).
DISCUSSION
Several recent studies concerned with the distribution of various drug -metabolizing enzymes have revealed that certain enzyme systems tend to be localized in the hepa tocytes of specific regions of the liver lobule; cytochrome P-450 and NADPH-cytochrome P-450 reductase are enriched in the centri lobular region of the lobule (2-9), while epoxide hydrolase and the enzymes parti cipating in the formation of sulphate con jugation are concentrated in the periportal region of the lobule (37, 38) . Mitochondrial enzymes have also been demonstrated to be high in the periportal region (1, 39, 40) . A heterogeneous distribution of enzymes in the liver lobule is also detected for glucose-6 phosphatase, ATPase, succinic dehydro genase, cytochrome oxidase, isocitrate de hydrogenase and glutamate dehydrogenase (40, 41) .
As described in this report, the hetero geneous distribution of enzymes was ob served not only within the lobule, but also in the liver lobes. The enzymes localized specifically in the endoplasmic reticulum (cytochrome P-450 monooxygenase) show ed a generally higher content in the median lobe than the left lobe (Tables 1-3) , while the enzymes localized in the mitochondria and lysosomes (cytochrome a+a3, aspartate aminotransferase, and acid phosphatase) seemed to be present in higher amounts in the left lobe (Tables 1 and 2 ). The existence of a NADH-reducible cytochrome b5-like hemoprotein associated with the outer mem brane of the liver mitochondria was reported by Fukushima and Sato (42) . Thus, the NADH-reduced difference spectrum of liver homogenate was supposed to be a composite of microsomal cytochrome b5 and mito chondrial cytochrome b5-like hemoprotein. Therefore, the apparent content of cytochrome b5 differed in various lobes, but to a smaller extent (Table 1) . The distribution of a cytoplasmic enzyme, alanine aminotrans ferase, was almost homogeneous throughout the liver; but aspartate aminotransferase, localized specifically in both the mitochondria and cytosol of hepatocytes, was distributed heterogeneously in the various lobes (Table  1) . Heterogeneity in the enzyme distribution was also observed in isolated microsomes, although the difference was not so great (Table 4) .
Pretreatment of rats with typical inducers, phenobarbital and (3-naphthoflavone, resulted in the increase of cytochrome P-450-de pendent mixed-function oxidase in livers.
When the animals were given phenobarbital, the drug-metabolizing activities catalyzed by phenobarbital-inducible cytochrome P-450 increased throughout the liver at the same rate; and thus, higher activity was still obser vable in the tissue samples obtained from the median lobes. On the contrary, administration of / -naphthoflavone resulted in a marked increase of cytochrome P-448-dependent drug-metabolizing activity predominantly in the left lobe (Tables 2 and 3) , indicating the different abilities of the cytochrome P-450 monooxygenase system in various liver lobes to respond to xenobiotics. The results suggest the existence of various types of hepatocytes which contain different amounts of enzyme(s) and respond differently to xenobiotics. Al teration of the physiological state of animals caused an increase or decrease of the cytochrome P-450 monooxygenase system throughout the liver, but the distribution pattern of the enzymes in the various liver lobes was almost the same as the that in untreated rats (Table 5) . On the other hand, glycogen content in the median and right lobes of fasted and glycogen-refed rat livers tended to decrease more markedly than in the left lobe (Table 5) , which differed from the distribution pattern of untreated rats (Table 1) . Garfield and Cardell indicated the increases of glucose-6-phosphatase and gly cogen utilization in the hepatocytes of the periportal region in the diabetic rat liver lobule (41) . These results suggest a functional heterogeneity of enzymes among liver cells in various lobes which is responsive to various physiological states of animals.
When the liver is exposed to toxic doses of carbon tetrachloride, a discrete band of necrotic cells are observed surrounding the hepatic vein; and the hepatocytes in this region contain greater concentrations of the cytochrome P-450 monooxygenase system. Interestingly, administration of lower doses of carbon tetrachloride to rats resulted in centri lobular cell damage only in the median and right lobes of the liver, but not in the left lobe (43 
